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The covalent binding and adsorption states of acetonitrile on Si~100! have been investigated using
temperature programmed desorption~TPD!, x-ray photoelectron spectroscopy~XPS!,
high-resolution electron energy loss spectroscopy~HREELS!, and density function theory~DFT!
calculation. XPS and HREELS results show that acetonitrile chemisorbs on Si~100! n a side-on
di-s binding configuration, forming Si–C and Si–Ns bonds. TPD measurements reveal the
presence of two desorption states,b1 andb2 with desorption energies of 29.8 and 24.6 kcal mol21,
respectively. Based on DFT calculations, theb1 state is possibly assigned to di-s bonded
acetonitrile on top of a dimer and/or in an in-row bridging chemisorption, while theb2 state is
related to acetonitrile bonded in a cross-row bridging configuration. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1410388#
I. INTRODUCTION
The scientific and technological development related to
silicon-based microelectronics and biosensors is the main
driving force for intense research in surface chemistry of
organic molecules on Si surfaces.1 The reactivity of organic
molecules on Si~100! is intimately connected with the geo-
metric and electronic structures of the surface Si atoms. The
truncation of the diamondlike bulk structure along the~001!
direction of silicon crystal leaves each surface Si atom with
two s bonds to the bulk and two dangling bonds with one
lone electron in each. The (231) surface reconstruction ob-
tained by a simple lateral translation of surface Si-atoms to
form Si dimers was first suggested by Schlier and
Farnsworth2 in 1959 and further confirmed in the scanning
tunneling microscopic~STM! studies by Hamerset al.3–5
Many of the physical and chemical properties of Si~100!
can be rationalized by considering a double bond feature of
dimer, that is, a strongs bond linking the two Si atoms and
a rather weakp bond. All studies of simple alkenes on
Si~100! have shown a facial@212# cycloaddition reaction
pathway;6–22 despite the fact that, according to Woodward’s
rule, the analogous reaction of two organic alkenes is forbid-
den in the high-symmetry suprafacial–suprafacial@2ps
12ps# approach.
23 Moreover, experimental evidence has
shown that the molecular stereochemistry is preserved
through this reaction, thereby ruling out the suprafacial–
antarafacial@2ps12pa# mechanism.
23
In order to further understand the reaction mechanism,
Hamerset al.24,25and Bentet al.26,27extensively investigated
the cycloaddition reaction mechanism of cyclopentene and
other unsaturated hydrocarbons on Si~100!, Ge~100!, and
C~100!. The reactivity of cyclopentene was found to be very
different on these three crystals. The reactive sticking prob-
ability is approximately unity on Si~100!, 0.1 on Ge~100!,
and ;1023 on C~100!.24 The difference in reactivity is at-
tributed to the various extent of dimer buckling on these
surfaces. SivSi and GevGe dimers can tilt out of the sur-
face plane, shown in Fig. 1~a!. In the buckling dimer, elec-
tron is transferred from the ‘‘down’’ atom to the ‘‘up’’
atom.28 The buckling causes the dimer to behave as a dipole
which can react with both electrophilic and nucleophilic
functionalities and facilitates the ability of impinging mol-
ecules to find a low symmetry pathway to the final@212#
reaction product on Si~100! and Ge~100!. However, there is
no buckling dimer present on the clean C~100! surface, re-
sulting in its low reactivity.29–31 The dimer buckling is be-
lieved to be one key factor affecting the facial@212# cy-
cloaddition reactions on Si~100! and Ge~100! surfaces.
About 20 years ago, Chadi32 predicted that the asymmet-
ric configuration was energetically favorable over the sym-
metric dimers on Si~100!. Since then a great deal of theoret-
ical and experimental work has proven the existence of
buckling dimers.33–35 For the ground state the concept of
buckling dimers is now prevailing and conclusive. At room
temperature, the SivSi dimers do not generally display
asymmetry in their STM images. This may be due to the
much faster dynamical flipping between the two possible
buckling orientations compared to the STM measurement. At
120 K, Wolkow et al.36 clearly observed a great number of
tilting dimers near and away from step edges or defects,
a!Author to whom correspondence should be addressed. Fax:165-779-
1691; electronic mail: chmxugq@nus.edu.sg
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confirming that the dimers have an asymmetric configuration
at low temperature. The buckling direction observed always
alternates between adjacent dimers within the same row, giv-
ing rise to ‘‘zig–zag’’ structures in the STM images. For this
reason, the Si~100! surface mainly appears to be the combi-
nation ofp(232) andc(432) reconstructions at 120 K.
It is interesting to note that the Si~100! surface at 120 K
displays dipolar sites of types A–B~on-top of a dimer!, A–C
~in-row bridging!, and A–D~cross-row bridging! for the (2
32) reconstruction, and types A–B and A–C for the (4
32) reconstruction, shown in Fig. 1~b!. The three types of
possible dipolar sites on the Si~100! surface at 120 K may
possibly be involved in the binding of organic molecules.
To the best of our knowledge, most of the facial@2
12# cycloaddition reactions on Si~100! were observed for
unsaturated hydrocarbons with CvC or/and CwC and mol-
ecules containing CvN.37 In the case of molecules contain-
ing the polar CvO bond, the insertion of oxygen into the
Si–Si was observed, resulting in molecular decomposition.38
In this work, the single-functionality molecule, CH3CN
containing a strongly polarized CwN bond with a large di-
pole moment of 3.92 D,39 was chosen as a template. Its ad-
sorption behavior on Si~100! has been studied using tem-
perature programmed desorption~TPD!, x-ray photoelectron
spectroscopy~XPS!, high-resolution electron energy loss
spectroscopy~HREELS!, and density function theory~DFT!
calculations. Electronic and vibrational spectra show that the
acetonitrile is molecularly adsorbed on Si~100! through the
CwN group in a side-on di-s binding mode, leaving a CvN
functionality on the surface for further reaction and modifi-
cation. TPD measurements reveal multiple chemisorption
states corresponding to the maximum desorption tempera-
tures of 467 K~b1! and 400 K~b2!. Theoretical calculations
suggest that the 1,2-dipolar cycloaddition reactions may oc-
cur at A–B and/or A–C sites for theb1 state and A–D sites
for the b2.
II. EXPERIMENT
The experiments were carried out in two UHV cham-
bers, both of which were pumped by a combination of tita-
nium sublimation, turbo-molecular and sputter ion pumps to
a base pressure less than 2310210Torr. One chamber is
equipped with high resolution electron energy loss spectrom-
eter~HREELS, LK-2000-14R! and a quadrupole mass spec-
trometer ~UTI-100C! for TPD. HREEL spectra were col-
lected in a specular geometry. The electron beam with an
energy of 5.0 eV impinges on the surface at an incident angle
of 60° with respect to the surface normal. A typical instru-
mental resolution of 6–7 meV~55 cm21! was achieved. XPS
studies were performed in the other chamber equipped with
an x-ray source, a concentric hemispherical electron energy
analyser~CLAM2, VG!, and a quadrupole mass spectrom-
eter ~SRS-200!. XPS spectra were acquired using AlKa ra-
diation (hn51486.6 eV) and 20 eV pass energy. For XPS
the binding energy~BE! scale is referenced to the peak maxi-
mum of the Si 2p line ~99.3 eV! ~Ref. 40! of the clean
Si~100! substrate with a full width at half maximum
~FWHM! of less than 1.2 eV.
The Si~100! samples were cut fromp-type B-doped Si
wafers~99.999%, 1–30V cm! purchased from Goodfellow.
Two pieces of Si~100! single crystals of the same dimension
(1831030.38 mm3) were deposited with a thin Ta layer
~;2000Å thick! on their unpolished backsides for homoge-
neous heating and cooling. The Si~100! samples were
mounted using the following procedure. A piece of Ta foil
~0.025 mm thick, Goodfellow! was sandwiched between the
Ta-covered backsides of the two silicon samples to act as a
heater. The samples were clamped together using two clips
for fixation. The sandwiched Ta foil was then spot-welded to
two Ta rods connected to the Cu feedthroughs of the manipu-
lator. A 0.003 in. W–5%Re/W–26%Re thermocouple was
attached to the center of one silicon sample using high tem-
perature ceramic adhesive~Aremco 516! for temperature
measurement. Such mounted silicon samples can be resis-
tively heated to 1400 K by resistive heating and conductively
cooled to 110 K using liquid nitrogen within 15 min. The
temperature distribution across the sample was within610
K at 1000 K as verified by an infrared pyrometer.
The silicon samples were thoroughly degassed at 900 K
in the UHV chamber until a pressure less than 3
310210Torr was achieved. Surface contaminants, such as
silicon carbide and silicon nitride were removed by repeated
cycles of Ar1 ~500 eV, 10 mA cm21! bombardment and sub-
sequent annealing to 1300 K. Surface cleanliness was con-
firmed by XPS and HREELS. Acetonitrile CH3CN ~99.5
1%,! and acetonitrile-d3 CD3CN ~99.95%! were purchased
from Aldrich and purified by freeze–pump–thaw cycles
prior to use. Dosing was conducted by backfilling the cham-
ber through a variable leak-valve and exposures were calcu-
lated without ion gauge sensitivity calibration.
FIG. 1. The buckling dimers of the Si~100! at room temperature~a! and at
a cryogenic temperature~b!. A–B represents the binding site of on-top of a
dimer; A–C for in-row bridging; and A–D for cross-row bridging. The
symbols of* and % represent the relative charge densities of surface Si
atoms.
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III. RESULTS
A. Temperature programmed desorption
TPD spectra for the Si~100! surface exposed to an in-
creasing amount of CH3CN at 110 K are shown in Fig. 2.
CH3CN was the only desorption product detected. For small
exposures of<0.1 L (1 Langmuir5131026 Torr s), a single
desorption peak~b1! is observed at 467 K. With increasing
exposures, a new desorption feature,b2 appears at 400 K
along with theb1 peak. In addition, a low temperature peak
~a! at 168 K becomes noticeable at 0.3 L and dominates the
spectrum at high exposures. We assignb1 andb2 to chemi-
sorbed CH3CN and a to physisorbed CH3CN. Figure 3
shows the integrated peak areas of theb1 andb2 peaks, the
chemisorbed layer (b11b2), and the total adsorption (a
1b11b2) as a function of the CH3CN exposure. Figure 3
indicates that the Si~100! surface is nearly saturated by
chemisorbed CH3CN for 0.4–0.5 L at 110 K and that the
area of theb1 peak is;60% of the saturated chemisorbed
layer. The figure also shows that physisorption occurs before
the saturation of chemisorbed layer, indicating the island
growth mode. The linear dependence of the total integrated
area as a function of exposure suggests the unitary sticking
probability for acetonitrile adsorbed on Si~100! at 110 K.
B. X-ray photoelectron spectroscopy
XPS of the C 1s and N 1s regions were taken as a func-
tion of exposure and the results are shown in Fig. 4. For
monolayer and submonolayer coverages, the C 1s and N 1s
peaks were observed at 284.5 and 397.2 eV, respectively. A
small intensity near 288 eV is noticed in the C 1s spectrum
of 0.20 L, attributable to the noise, not the photoemission
peak as its FWHM~,0.5 eV! is even much smaller than that
~;1 eV! of our x-ray source. When the physisorption layer
was formed, new peaks appeared at 287.0 (C 1s) and 400.2
FIG. 2. TPD spectra of C2H3N
1 (m/e541) from Si~100! as a function of
acetonitrile exposure at 110 K. A heating rate of 2 K s21 was employed.
FIG. 3. The desorption peak area as a function of CH3 N exposure.
FIG. 4. The C 1s and N 1s binding energies~eV! of CH3CN adsorbed on
Si~100! at 110 K as a function of exposure.
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eV (N 1s). With a large exposure, the monolayer state was
completely attenuated, leaving only the C 1s and N 1s peaks
~not shown! of the thick physisorbed multilayer CH3CN. The
chemisorbed acetonitrile monolayer was obtained by anneal-
ing the acetonitrile-exposed Si~100! surface to 250 K to drive
away physisorbed molecules and only leave chemisorbed
species on the Si surface. The collected XPS spectra show a
single set of C 1s and N 1s peaks at 284.5 and 397.2 eV,
respectively, which is characteristic of chemisorbed CH3 N
on Si~100!. The C 1s peak corresponds to C atoms of both
the CH3 and CN groups. The fact that only one C 1s peak is
observed in either physisorbed or chemisorbed state is con-
sistent with CH3CN adsorption on other substrates.
41–45This
may be related to the nature of the molecules. In the gas
phase, XPS of acetonitrile46 shows that the C 1s peaks for C
~CH3! and C~CN! atoms are separated by less than 0.6 eV.
If CH3CN was weakly chemisorbed on Si~100! through
an end-on binding, we would expect little perturbation to the
molecular electronic structure and only slight shift, from the
physisorbed multilayer BEs, particularly for C 1s. For ex-
ample, for acetonitrile adsorbed on Cu~100! with an end-on
binding mode, the C 1s peak only shows a small chemical
shift of 0.7 eV as listed in Table I.42 However, our experi-
mental results show that both C 1s and N 1s peaks of chemi-
sorbed CH3CN display large chemical shifts of 2.5 and 3.0
eV, respectively, from those of the physisorbed multilayer,
which suggests that CH3CN binds to Si~100! through both C
and N atoms of the CN group. Table I also shows that the
characteristic C 1s and N 1s binding energies for chemi-
sorbed CH3CN on Si~100! are very similar to those for
CH3CN chemisorbed on other substrates with a side-on bind-
ing mode.43–46
C. High-resolution electronic energy loss
spectroscopy
Figure 5 presents the HREEL spectra as a function of
CH3CN exposure on Si~100! at 110 K. At low exposures,
obvious loss features are identified at 412, 695, 835, 952,
1065, 1397, 1464, 2970, 3012 cm21. In addition, a noticeable
loss feature around 1550–1650 cm21 appears as a shoulder
on the right-hand side of the broad peak at 1464 cm21. With
increasing CH3CN exposure, the disappearance of the energy
loss around 1550–1650 cm21 ~the shoulder on the right-hand
side of the main peak at 1464 cm21!, whose assignment will
be discussed later, and the appearance of a new energy loss
peak at 2218 cm21 corresponding to the stretching mode of
CwN bond, can be unambiguously resolved. The character-
istics of chemisorbed CH3CN are gradually screened by the
subsequent physisorbed multilayers. After dosing.0.40 L of
CH3CN, these energy loss features of physisorbed multilay-
ers demonstrated in Fig. 5 and Table II agree well with the
vibrational frequencies of gas phase acetonitrile within 20
cm21. The detailed assignments for physisorbed CH3 N to-
gether with the IR data47 of gas-phase CH3CN are summa-
rized in Table II.
As shown in Fig. 5, there is an obvious shoulder around
1550–1650 cm21 which is close to the CH3 bending mode
and is possibly attributable to the stretching mode of the
CvN bond in the chemisorbed molecules. In order to con-
firm its assignment, saturated chemisorbed monolayers of
CH3CN and CD3CN were prepared through annealing the
sample pre-exposed to 1.0 L CH3CN or CD3CN to 250 K to
drive away all physisorbed multilayers and their HREEL






mode ReferencesC 1s N 1s C 1s N 1s C 1s N 1s
Pt~111! 286.9 400.1 284.6 397.2 2.3 2.9 Side-on 43
Ni~111! 287.0 400.2 284.5 397.7 2.5 2.5 Side-on 44, 45
Cu~100! 287.3 400.3 286.6 399.7 0.7 0.6 End-on 42
Ni film 287.0 400.2 284.5 397.7 2.5 2.5 Side-on 46
Pd film 287.0 400.2 284.5 397.5 2.5 2.7 Side-on 46
Si~100! 287.0 400.2 284.5 397.2 2.5 3.0 Side-on This work
FIG. 5. HREEL spectra as a function of CH3CN exposure to Si~100! at
110 K.
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spectra are shown in Fig. 6. For chemisorbed CH3 N, losses
at 412, 695, 835, 952, 1065, 1415, 1603, 2970, and 3012
cm21 are readily identified; losses at 398, 650, 848, 952,
1124, 1595, and 2210 cm21 are clearly observed for the
chemisorbed CD3CN. Table II lists their detailed assign-
ments. The most important features to be noted in Fig. 6~a!
are ~1! all vibrational modes related to C–H bonds display
obvious red shifts; in particular, the methyl bending mode
shifts from 1397 and 1464 cm21( – CH3) to
1124 cm21( – CD3); ~2! the shoulder around 1550–1650
cm21 @Fig. 6~b!# remains nearly unshifted and appears as an
isolated peak at 1595 cm21 in the chemisorbed CD3CN.
Therefore, the shoulder around 1550–1650 cm21 of chemi-
sorbed CH3CN @Fig. 6~b!# and the isolated peak at 1595
cm21 of CD3CN @Fig. 6~a!# are assigned to the stretching
mode of the CvN bond in chemisorbed acetonitrile. This
assignment clearly demonstrates the rehybridization of both
carbon and nitrogen atoms of the CN group fromsp to sp2
after chemisorption. The similar HREEL spectra, particularly
for the vibration around 1600 cm21, were reported for
chemisorbed CH3CN on Pt~111! with a side-on di-s binding
mode.43 Moreover, the assignment of the shoulder at 1603
cm21 as the CvN stretching mode also rules out the possi-
bility of CN group binding to Si~100! through a side-on
tetra-s binding mode.
In order to study the thermal evolution of chemisorbed
CH3CN on Si~100!, the sample was pre-exposed to 1.0 L
CH3CN at 110 K, followed by annealing to 250 K. This
procedure drives off all the physisorbed CH3CN, leaving a
chemisorbed monolayer on the surface, which shows a
HREEL spectrum similar to that of Fig. 6~b!. As shown in
Fig. 7, upon annealing the sample to 420 K, losses at 695,
835, 952, 1065, 1464, 1603, and 2992 cm21 can be resolved,
which are the same feature as that observed at 250 K. How-
ever, peak intensities are obviously reduced due to the mo-
lecular desorption around 400 K. No peaks located between
2000–2150 cm21 corresponding ton~Si–H!, can be found,
which further confirms the nondissociative nature of CH3 N
adsorption on Si~100!. At 550 K, the vibrational characteris-
tics of chemisorbed CH3CN completely disappear, consistent





















d ~C–C–N! CCN bend 361 ¯ 412 605 398 580
n ~Si–C! SiC stretch ¯ ¯ 695 ¯ 650 ¯
n ~Si–N! SiN stretch ¯ ¯ 835 ¯ 848 ¯
n ~C–C! CC stretch 920 915 952 950 942 930
r r(CH3) Methyl
rock
1041 1026 1065 1060 848 850
ss(CH3) Methyl
sym. bend




1454 1434 1464 1435
n(CvN) CvN
stretch
¯ ¯ 1603 1615 1595 1625
n(CwN) CwN
stretch
2268 2218 ¯ ¯ ¯ ¯
ns(CH) CH3 sym.
stretch




3009 3012 3012 2280
aReference 47.
bReference 43.
FIG. 6. HREEL spectra of chemisorbed~a! CD3CN and~b! CH3CN.
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with molecular desorption at 400 and 467 K observed by
TPD. However, a small amount of CH3CN does decompose,
as evidenced by the appearance of Si–C, Si–N, and Si–H
loss features. The dissociation of trace amount of CH3 N is
possibly attributable to those molecules adsorbed at defect
sites. These features eventually disappear at 1000 K, plausi-
bly due to C and N diffusion into the bulk phase.
IV. DISCUSSION
TPD spectra for CH3CN chemisorbed on Si~100! show
two desorption peaks at 400~b2! and 467 K~b1!, indicating
the existence of multiple chemisorption states. The activation
energies of desorption for theb1 andb2 peaks are estimated
to be 29.8 and 24.6 kcal mol21, respectively, using the Red-
head formula48 and assuming a first-order desorption behav-
ior and pre-exponential factor of 1013s21.
The evolution of the area intensities of theb1 andb2
peaks from the chemisorbed layer with CH3CN exposure
~Fig. 3! indicates that theb1 peak contributes about 60% of
the saturated chemisorbed layer and 40% from theb2 peak.
The proportions of theb1 andb2 states are too high to be
simply attributed to chemisorption at the defect sites
~;5%!.49 There are two possible well-established chemisorp-
tion modes for CH3CN on different single crystal
surfaces.42–46For the end-on binding mode, as is the case of
CH3CN chemisorbed on Cu~100!, the N atom of the CN
group weakly interacts with the surface through the N lone
pair electrons and a small 0.7 eV BE shift is observed for the
C 1s core-level.42 For the side-on di-s binding mode ob-
served from CH3CN chemisorbed on Ni~111! and Pt~111!,
the binding energies of both C 1s and N 1s core levels dis-
play large chemical shifts of about 2.3–2.9 eV.43–45 In the
present CH3CN adsorbed on Si~100!, comparison of the C 1s
and N 1s BEs between physisorbed and chemisorbed layers
shows significant chemical shifts of 2.5 eV (C 1s) and 3.0
eV (N 1s). This result suggests that CH3CN binds to Si~100!
in a side-on binding mode. Further, the appearance of loss
peak at 1603 cm21 for chemisorbed CH3CN ~1595 cm
21 for
chemisorbed CD3CN! attributable to the CvN bond stretch-
ing mode is a conclusive proof of di-s side-on binding.
For the side-on di-s binding mode, TPD measurements
show the presence of two desorption peaks,b1 andb2 pos-
sibly corresponding to desorption from two or more adsorp-
tion sites as shown in Fig. 1~b!. In order to assign them, DFT
calculations usingSPARTAN 5.1.3 ~density functional theory
pBP with a basis set DN* !50,51 were performed to obtain
binding energies at the different adsorption sites A–B, A–C,
and A–D. Based on these three possible adsorption sites, two
clusters were built to model these adsorbed products as
shown in Fig. 8. Cluster I, corresponding to adsorption sites
A–B ~on top of one dimer! and A–C~in-row bridging!, is a
Si15H16 cluster which has two exposed SivSi dimers in a
dimer row. Cluster II, Si23H24, corresponding to adsorption
site A–D ~cross-row bridging!, is an extension of cluster I to
include two surface dimers in two adjacent dimer rows. In
these two clusters, Si atoms at the cluster edges were termi-
nated with H atoms to provide complete coordination for all
atoms except those forming the surface dimers. Molecular
binding energies were obtained by first placing the CH3 N
molecule at an appropriate binding site on the model cluster,
and then allowing all atomic positions to adjust to find local
minimum in energy. The energies of the optimized free clus-
FIG. 7. HREEL spectra obtained from Si~100! exposed to 1.0 L CH3CN at
110 K and then annealed to corresponding temperatures.
FIG. 8. Cluster models of CH3CN on Si~100! optimized by DFT
calculations.
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ter and the optimized free molecule were then subtracted
from the total energy of the corresponding product to yield a
net binding energy. The calculated binding energy for the
A–B site, 31.6 kcal mol21, agrees well with the desorption
energy~29.8 kcal mol21! of theb1 peak from TPD measure-
ments. Interestingly, the calculated value for the A–C site,
30.3 kcal mol21, is very close to that of the A–B site. Thus,
the b1 may be related to acetonitrile binding to A–B and/or
A–C sites. This possibly results from the existence of similar
dipole reactive sites at Si~A!–Si~B! and Si~A!–Si~C! due to
the alternative buckling direction of neighboring dimers in
the same dimer row.35 The small difference in their binding
energies may result from the slight change in distances be-
tween Si~A!–Si~B! and Si~A!–Si~C!. On the other hand, the
calculated binding energy of 22.1 kcal mol21 for the A–D
site is close to the experimental value~24.6 kcal mol21! from
TPD measurements for theb2 peak. Hence, we attribute the
b2 peak to the chemisorption occurring at A–D sites. Con-
sidering the larger distance of 5.8 Å for Si~A!–Si~D! com-
pared to 2.3 Å for Si~A!–Si~B!, adsorption at A–D sites is
expected to be significantly weaker. A similar comparison
was made for benzene binding on Si(111)-73 and excel-
lent agreement was achieved.52,53 Therefore, on the basis of
DFT calculations, it seems reasonable to assign theb1 de-
sorption peak to the molecules adsorbed on the sites of A–B
and/or A–C, and theb2 to the desorption from the A–D
adsorption site.
V. CONCLUSIONS
Both XPS and HREELS experimental evidences unam-
biguously demonstrates that acetonitrile is covalently bonded
on Si~100! with a side-on di-s binding mode through a 1,2-
dipolar cycloaddition mechanism. TPD measurements un-
cover two desorption peaks,b1 andb2, at 467 and 400 K,
respectively. DFT calculations indicate that theb1 peak pos-
sibly corresponds to acetonitrile adsorbed on top of a dimer
and/or in an in-row bridging mode, and theb2 is possibly
related to acetonitrile adsorbed at cross-row bridging sites.
The surface intermediate formed by acetonitrile modification
containing an imine CvN bond can be a useful interfacial
precursor for further modifying and functionizing Si sur-
faces.
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